Abstract. To investigate long noncoding (lnc)-RNA and mRNA expression profiles in post-cardiac arrest (CA) brains, an external transthoracic electrical current was applied for 8 min to induce CA (the CA group). A total of 4 rats received sham-operations and served as the blank control (BC) group.
Introduction
Cardiac arrest (CA) is a very dangerous state of shock and is a common cause of mortality and disability because the whole body suffers from severe ischemia, including the cerebellum, thalamus, hippocampus, and cortex (1, 2) . Even if CA patients receive timely restoration of spontaneous circulation (ROSC), ischemia still may occur leading to an ischemia/reperfusion (I/R) injury, which includes apoptosis and necrosis of neurons and activation of multiple pathogenic mechanisms (1) . The poor outcomes in CA patients due to these distinct pathologies is termed post-CA syndrome (2) . The probability that CA patients will recover after ROSC is increasing because of increasing public knowledge of cardiopulmonary resuscitation (CPR), significant improvements in the construction of emergency networks, and rapid progress in rescue technology. Early diagnosis and proper evaluation of the severity of brain damage is necessary for good prognoses in CA patients. However, the exact etiology of I/R injury remains poorly understood in CA, and the cerebral pathology of I/R injury and the molecular mechanisms of I/R after CA-ROSC remains to be elucidated.
Thousands of messenger RNAs (mRNAs) are continuously transcribed and guide the translation of various proteins in the adult mammalian brain during pathological states. The transcriptional and translational machinery is comprised of a variety of molecules, such as DNA methylases, transcription factors, ribosomes, and RNA polymerases. Recently, noncoding RNAs have been shown to potently regulate gene expression at the levels of transcription and translation (3) . These noncoding RNAs participate in cellular, developmental, and disease processes by regulating RNA and protein levels, imprinting, enhancer function, and transcription (4) (5) (6) (7) . Long noncoding RNAs (lncRNAs) are a relatively new class of RNA molecules that are longer than 200 nucleotides and much less well characterized than microRNAs. Cerebral lncRNA profiles have been shown to be markedly altered in many pathological states, to play important roles in the pathophysiology of central nervous system and brain-related diseases and disorders, and to have profound effects on disease outcomes (8) (9) (10) (11) . Notably, studies have also shown that lncRNAs are associated with I/R brain injury (11, 12) .
Expression profiles of long noncoding RNAs and mRNAs in post-cardiac arrest rat brains
However, cerebral lncRNA profiles after CA-ROSC, including a complete list of lncRNAs expressed in the brain, have yet to be elucidated. In addition, the potential roles and effects of these lncRNAs on mRNA expression during the early stage of reperfusion have yet to be determined. Undoubtedly, understanding lncRNA and mRNA network profiles in post-CA brains could inform the development of therapeutics to prevent secondary neuronal death caused by CA. In this study, we used a rat model to explore lncRNA and mRNA network profiles in cortical pathophysiological processes to further understand the etiology and molecular mechanisms of cerebral pathology during an I/R injury.
Materials and methods

Animals.
Male Wistar rats (15-16 months old and 305.5-400.3 g) were obtained from the Experimental Animal Center, Sun Yat-Sen University, Guangdong Province (Guangzhou, China). Animals were housed in a pathogen-free laboratory at 20-22˚C with a 10 h light and 14 h dark cycle. The animal studies were approved by the Institutional Animal Care and Use Committee of Sun Yat-sen University and the procedures used were in accordance with the Animal Research Reporting for in vivo Experiments Guidelines on animal research (13) .
Induction of ventricular fibrillation (VF).
After fasting overnight (with access to water), 14 healthy male Wistar rats were anesthetized by intraperitoneal pentobarbital injection (30 mg/kg; Sigma, Natick, MA, USA). VF was induced as described previously (14, 15) . VF was successfully induced by alternating current (50 Hz, 6 V) for 10 sec with external transthoracic needles. After successful induction of VF, the ventilator was disconnected. Eight min after VF, manual chest compressions were performed on the rats along with mechanical ventilation. Rats were maintained for 24 h after successful ROSC (CA, n=14). Seven sham-operated rats served as the blank control (BC, n=7). 5 rats in model group and 4 in sham group were anesthetized by intraperitoneal pentobarbital injection (40 mg/kg; Sigma), and were sacrificed by decapitation at ROSC 2 h, the cerebral cortex tissue were harvested for RNA analysis. The rest rats were survival to 24 h after ROSC and their neurological deficits scores (NDS) were assessed from 0 (no observed neurological deficit) to 500 (death or brain death) (14,15) by 2 investigators who were blinded to the treatment. All of the other animals were sacrificed at 24 h after ROSC; the brains were removed and were fixed using paraffin for Nissl and TdT-mediated dUTP-biotin nick end labeling (TUNEL) staining, the apoptotic cells were counted randomly 6 fields in sequence slice in each group. All rats were anesthetized by intraperitoneal pentobarbital injection (40 mg/kg) and were sacrificed by decapitation.
Tissue harvest and RNA extraction. The rat brains were harvested and the cerebral cortices were dissected quickly on ice. Samples of cerebral cortex tissue were quick-frozen in liquid nitrogen and stored at -80˚C for future use. Total RNAs were extracted with TRIzol reagent, quantified (NanoDrop ND-2000; Thermo Fisher Scientific, Inc., Pittsburgh, PA, USA), and analyzed for integrity (Agilent Bioanalyzer 2100; Agilent Technologies, Inc., Santa Clara, CA, USA). RNA labeling and microarray hybridization were performed according to standard protocols provided by the manufacturer.
LncRNA and mRNA microarray expression profiling. Total RNAs (100 ng) were labeled with the mRNA Complete Labeling and Hyb kit and hybridized on OE Biotech Rat lncRNA Microarray v2.0 8x60K (both Agilent Technologies, Inc.). This microarray contained 40,367 probes for 30,367 rat mRNAs and 10,000 rat lncRNAs derived from authoritative databases, including Ensembl, RefSeq, Ultra-conserved region encoding LncRNA (UCR), and lncRNAdb.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
To validate the differentially expressed lncRNAs, quantitative RT-PCR was performed using a two-step reaction, which included RT and PCR, according to the manufacturer's instructions. Each RT reaction consisted of 0.5 µg of RNA, 2 µl of PrimerScript Buffer, 0.5 µl of oligo dT, 0.5 µl of random 6-mers, and 0.5 µl of PrimerScript RT Enzyme Mix I (Takara Bio, Inc., Otsu, Japan) in a total volume of 10 µl. RT reactions were performed in a GeneAmp ® PCR System 9700 (Applied Biosystems; Thermo Fisher Scientific, Inc.) for 15 min at 37˚C followed by heat inactivation for 5 sec at 85˚C. The 10 µl RT reaction mix was then diluted 10-fold in nuclease-free water and stored at -20˚C. RT-qPCR was performed with 10 µl of a PCR reaction mixture that contained 1 µl of cDNA, 5 µl of 2X LightCycler ® 480 SYBR-Green I Master Mix, 0.2 µl of forward primer, 0.2 µl of reverse primer, and 3.6 µl of nuclease-free water in a LightCycler ® 480 II Real-time PCR Instrument (both Roche Applied Science, Rotkreuz, Switzerland). Reactions were incubated in a 384-well optical plate (Roche) at 95˚C for 10 min followed by 40 cycles of 95˚C for 10 sec and 60˚C for 30 sec. Each sample was run in triplicate and a melting curve analysis was performed at the end of each PCR cycle to specifically validate generation of the expected PCR product. The expression levels of lncRNAs were normalized to glyceraldehyde-3-phosphate dehydrogenase expression and were calculated using the 2 -ΔΔCq method. Primers were synthesized by Generay Biotech (Generay, Shanghai, China) based on mRNA sequences in the NCBI database and the sequences are given in Table I .
Analyses of microarray results and predictions of lncRNA functions. After differentially expressed mRNA and lncRNA data from microarrays were acquired, raw signals were log 2 transformed. Differentially expressed mRNAs and lncRNAs were screened for absolute values of fold change (FC) >2 and P-values <0.05 (Student's t-test). The differentially expressed mRNAs were submitted to the DAVID database (http://david. abcc.ncifcrf.gov) and were classified into different annotation groups by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses. Distinguishable gene expression patterns were displayed by hierarchical clustering.
Statistical analysis. All statistical analyses were performed using the SPSS software 13.0 (SPSS, Inc., Chicago, IL, USΑ). Data were presented as mean ± SD or proportions as appropriate. Unpaired student t-test were performed to compare the differences of NDS, apoptotic cells, and validating lncRNA expressions between two groups, and correlations were calculated using Spearman's correlation coefficient, which is the Pearson's correlation coefficient of the indexed ranks of the two data sets. P<0.05 by two-tailed t-test was considered to indicate a statistically significant difference.
Results
The severity of brain damage of rats after ROSC 24 h. The induction of VF caused serious injury to the brain in rats after ROSC 24 h in CPR group, 3 rats were dead within 24 h, and the other 6 rats were survival to 24 h. All rats in Sham group were alive to the end of the experiment. The NDS score in CPR group were 394±95, significantly higher than 0±0 in Sham group (P<0.001). The TUNEL staining showed that the induction of VF significantly increased the amount of apoptotic cells in the cortex, compared with that in Sham group (Fig. 1 ).
Changes in lncRNA and mRNA expressions in the CA and BC groups. From the lncRNA microarray, we found 58 lncRNA transcripts that were differentially expressed. Thirty-seven of the lncRNA transcripts were upregulated and 21 of the lncRNA transcripts were downregulated in the CA group when compared with the BC group (Table II) . The TCONS_00045076 (probe CUST_12461 _PI429484123) and TCONS_00087195 (probe CUST_12461_PI429484123) lncRNAs were the most upregulated and downregulated transcripts in the CA group, respectively. According to absolute FC values (abs), the differentially expressed lncRNA transcripts were divided into two groups: five transcripts with FC values between 5 and 10 (highly dysregulated lncRNAs) and 53 transcripts with FC values between 2 and 5 (less dysregulated lncRNAs).
Using the same criteria that we used for the lncRNAs, we found 258 differentially expressed mRNA transcripts. 177 of the transcripts in the CA group were upregulated and 81 of the transcripts in the CA group were downregulated when compared with the BC group. The NM_001106299 (A_43_P16887) and NM_001033691 (A_44_P1039994) mRNAs were the most upregulated and downregulated transcripts in the CA group, respectively. Some of the differentially expressed mRNAs (FC>4) are listed in Table III ; the un-named mRNAs are listed by their probe names, such as A_44_P809486.
The microarray data were uploaded to the GEO database (GEO no. GSE108342; https://www.ncbi.nlm.nih. gov/geo/query/acc.cgi?acc=GSE108342).
Validation of lncRNA microarray. To validate the lncRNA microarray results, three upregulated and two downregulated lncRNAs were randomly selected from the 58 differentially expressed lncRNAs and their expressions were analyzed in five CA tissues and in four BC tissues using RT-qPCR. The RT-qPCR results were consistent with the microarray results, and RT-qPCR Table I . Primers for validation of differentially expressed long noncoding RNAs.
Gene symbol
Forward primer (5'-3') Reverse primer (5'-3')   TCONS_00097275  GCCACCAGGACTGATAAT  TGTGTGTGTGTGTGTACG  TCONS_00077647  ATGGTGATTCGCACTTGT  TCCTTTAGCTCAGACTGGC  TCONS_00132873  GTTCAGGCAAGCTCCAAA  ATCCGTGTCTGGAACATT  TCONS_00066427  CAGGTCTTCTTTACCACCGA  GAGAGCAGGCAGAAGTGA  NR_002597.1  GCTGTGAGATGCAGGACAA  AAGGTGGCTGCTGTATATT  TCONS_00079198  GAAGGAGTGTGGAACTCAAC  CCTCTGCCATTAGACTTTGT  GAPDH GCGAGATCCCGCTAACATCA CTCGTGGTTCACACCCATCA demonstrated that the TCONS_00079198 lncRNA transcript was differentially expressed (P<0.05 using the 2-ΔΔCt method; Fig. 2 ). RT-qPCR analysis of the other lncRNAs transcripts demonstrated that the differential expressions were consistent with the microarray data, but were not significant (P>0.05).
Hierarchical clustering analysis. Differentially expressed lncRNA data were used to generate a heat map analysis of unsupervised hierarchical clustering. The differentially expressed lncRNAs clearly segregated into BC and CA clusters (Fig. 3) indicating that there was a significant difference in the lncRNA expression profiles between the CA and BC groups.
LncRNA and mRNA coexpression profiles. To compare lncRNA profiles with their corresponding mRNA network profiles, we calculated the Pearson correlation for the expression value of each lncRNA with the expression value of each mRNA for paired CA and BC samples (Fig. 4) (Fig. 4) . These data indicate that differentially expressed lncRNAs potentially regulate mRNA expression and form a complex lncRNA-mRNA interaction network during CA.
Predictions of lncRNA functions during CA pathology. We found that each differentially expressed lncRNA associated with numerous differentially expressed mRNAs involved in multiple processes, and our data indicated that these lncRNA-mRNA networks play potentially important roles in pathological processes during CA. Thus, we made functional predictions based on GO and KEGG pathway annotations of differentially expressed lncRNAs and data on the corresponding coexpressed mRNAs. The differentially expressed lncRNAs could be grouped into numerous signaling pathways and processes (Figs. 5 and 6 ). The relationships between differentially expressed lncRNAs and their functional annotations were predicted by the top 200 and top 500 GO pathway annotations sorted by q-value, frequency counting, and statistical function annotation according to component, function, and pathway process, respectively. For example, in the top 200 GO pathway enrichments (Fig. 5A) , the most frequent predictions were cytosol, voltage-gated potassium channel complex, neuron projection, cytoplasm, and nucleolus with regards to the pathways annotated by components. With regards to the pathways annotated by function, the most frequent predictions were sequence-specific DNA binding, dopachrome isomerase activity, protein serine/threonine kinase activity, N-terminal myristoylation domain binding, protein phosphatase activator activity, and transcription regulatory region DNA binding. With regards to the pathways annotated by process, the most frequent predictions were positive regulation of apoptotic process, membrane depolarization, potassium ion transmembrane transport, apoptotic process, homophilic cell adhesion, substrate-dependent cell migration, growth plate cartilage development, and response to cold. In the top 500 GO pathway enrichments, (Fig. 5B) , the most frequent component predictions were dendrite, cytosol, voltage-gated potassium channel complex, cytoplasm, nucleus, nucleolus, synapse, neuronal cell body, hemoglobin complex, neuron projection, perinuclear region of cytoplasm, AIM2 inflammasome complex, NLRP3 inflammasome complex, and perikaryon. The most frequent function predictions were sequence-specific DNA binding, dopachrome isomerase activity, protein serine/threonine kinase activity, protein phosphatase activator activity, and voltage-gated potassium channel activity. The most frequent process predictions were potassium ion transmembrane transport, regulation of ion transmembrane transport, response to light stimulus, membrane depolarization, positive regulation of apoptotic process, homophilic cell adhesion, regulation of cell proliferation, protein autophosphorylation, apoptotic process, positive regulation of ryanodine-sensitive calcium-release channel activity, aging, response to mechanical stimulus, substrate-dependent cell migration, transcription, DNA-templated, and response to cold. KEGG pathway annotations of differentially expressed lncRNAs and their corresponding coexpressed mRNAs were performed to predict lncRNA functions during CA pathology (Fig. 6 ). In the top 200 KEGG pathway enrichments (Fig. 6A) , the most frequent predictions were the MAPK signaling pathway, amphetamine addiction, adrenergic signaling in cardiomyocytes, the GnRH signaling pathway, insulin secretion, dopaminergic synapse, glutamatergic synapse, the cAMP signaling pathway, the estrogen signaling pathway, antigen processing and presentation, gastric acid secretion, the TNF signaling pathway, gap junction, and the calcium signaling pathway. In the top 500 KEGG pathway enrichments (Fig. 6B) , the most frequent predictions were the MAPK signaling pathway, amphetamine addiction, adrenergic signaling in cardiomyocytes, the GnRH signaling pathway, insulin secretion, gap junction, dopaminergic synapse, the oxytocin signaling pathway, and the glutamatergic synapse. In summary, the most common KEGG pathways and GO pathways involved in CA were signaling pathways, apoptotic processes, inflammation, and synaptic processes. For example, in the KEGG enrichment, for the most downregulated lncRNA TCONS_00087195, the most frequently predicted functions involved the Ras signaling pathway, amphetamine addiction, and dopaminergic synapse. For the second-most downregulated lncRNA TCONS_00129724, the most frequently predicted functions involved the TNF signaling pathway, the NF-κ B signaling pathway, and the Jak-STAT signaling pathway. For the third-most downregulated lncRNA TCONS_00077647, the most frequently predicted functions involved the RIG-I-like receptor signaling pathway, the MAPK signaling pathway, and cytosolic DNA sensing. However, for the most upregulated lncRNA TCONS_00045076, the most frequently predicted function was protein processing in the dopaminergic and glutamatergic synapse. For the second-most upregulated lncRNA TCONS_00097275, the most frequently predicted functions involved protein processing in the dopaminergic synapse, the estrogen signaling pathway, and TNF signaling. For the third-most upregulated lncRNA TCONS_00097694, the most predicted functions involved the glutamatergic synapse, the dopaminergic synapse, and cAMP signaling. As expected, one lncRNA can participate in multiple KEGG pathways and both upregulated and downregulated lncRNAs could be involved in some of the same processes, such as the TNF signaling pathway and the dopaminergic synapse, indicating that lncRNAs play complex roles in CA pathology.
Discussion
In the present study, we investigated lncRNA and mRNA profiles in a CA-ROSC rat model during an early stage of reperfusion using high-throughput lncRNA and mRNA microarrays. The lncRNA microarray showed that 58 lncRNAs were differentially expressed in the CA brain; 37 of the lncRNAs were upregulated and 21 of the lncRNAs were downregulated when compared with the control samples. The mRNA microarray showed that 258 mRNA transcripts were differentially expressed in the CA brain; 177 of the mRNAs were upregulated and 81 of the mRNAs were downregulated. We investigated the relationships between these lncRNAs and mRNAs and found that each differentially expressed lncRNA was coexpressed with thousands of mRNAs. Furthermore, we predicted the functions of these differentially expressed lncRNAs with their corresponding coexpressed mRNAs and found that hundreds of pathway annotations were enriched in both GO and KEGG analyses. The predicted functions of lncRNAs were primarily related to protein voltage-gated potassium channel complexes, serine/threonine kinase activity, protein phosphatase activator activity, the MAPK signaling pathway, and apoptotic processes.
Previous studies have shown that ischemia leads to extensive changes in cerebral lncRNA expression in rodents (12, 16) , but the cerebral lncRNA expression profile and the potential roles of lncRNAs during the early stages of reperfusion remain unknown. The present study is the first that synchronously examined genome-wide lncRNA and mRNA expression patterns and their network profiles in a CA-ROSC model and that discovered extensive alterations in expression of lncRNAs and their corresponding mRNAs as a result of CA-ROSC.
In the present study, we found that CA-ROSC markedly altered expression of mRNAs involved in vital metabolic pathways, such as inflammatory and apoptotic pathways. In addition, we found that lncRNAs coregulate expression of the differentially expressed mRNAs. Some of the differentially mRNAs identified in our study have also been identified in other factors-β1, -2, and -3 in the intact rat brain and after experimentally induced focal ischemia.
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Transforming growth factor-β1
Rat β2-adrenoceptor stimulation enhances latent transforming (41) growth factor-β-binding protein-1 and transforming growth factor-β1 expression in rat hippocampus after transient forebrain ischemia.
ischemia studies (Table IV) . To gain insight into the potential roles of the differentially expressed lncRNAs and mRNAs, we performed GO and KEGG pathway analyses to predict their biological functions during CA-ROSC. We found that the differentially expressed lncRNAs may be involved in protein voltage-gated potassium channel complexes, serine/threonine kinase activity, protein phosphatase activator activity, the MAPK signaling pathway, and apoptotic processes. These proteins and kinases are key enzymes in metabolic, inflammatory, and apoptotic pathways, which have been shown to be involved in I/R injuries (17) (18) (19) (20) . These results indicated that lncRNAs in the cerebral region may participate in pathological processes after CA-ROSC by promoting post-ischemic pathologies, including ionic imbalance, receptor dysfunction, and the inflammatory response during the early stages of reperfusion. For the downregulated lncRNAs, the most frequent predicted functions enriched in the KEGG analysis involved the Ras signaling pathway, amphetamine addiction, the NF-κ B signaling pathway, the Jak-STAT signaling pathway, the RIG-I-like receptor signaling pathway, the MAPK signaling pathway, and the cytosolic DNA sensing pathway. Previous studies have shown that some of these pathways, such as the Ras signaling pathway (21) , the NF-κ B signaling pathway (22, 23) , the Jak-STAT signaling pathway (24) , the RIG-I-like receptor signaling pathway (25) , the cytosolic DNA sensing pathway (25) , and the MAPK signaling pathway (26, 27) are involved in CA-ROSC and I/R injury. In addition, the cocaineand amphetamine-regulated transcript (CART), which codes for a neuropeptide involved in amphetamine addiction has also been shown to play a neuroprotective role in cerebral ischemia and reperfusion (I/R) injury (28, 29) .
The most frequent predicted functions of the upregulated lncRNAs involve protein processing during glutamatergic synapsis (30) , the estrogen signaling pathway (26) , and the cAMP signaling pathway (31, 32) , which play vital roles in cerebral ischemia and reperfusion injury. In summary, our data indicated that the lncRNA-mRNA network interactions have potentially complex roles in cerebral I/R injury. Both upregulated and downregulated lncRNAs were predicted to participate in pathological processes during cerebral I/R injury, such as dopaminergic synapsis and the TNF signaling pathway (33, 34) , indicating that lncRNAs work synergistically during I/R injury.
There were several limitations in our study. First, we only investigated differentially expressed lncRNAs and mRNAs in cerebral cortex tissue. Second, the time for CA sample collection lasted only eight min. However, the aberrant expressions of lncRNAs and mRNAs after CA-ROSC may have spatial and temporal patterns that we did not evaluate in this study. The samples used in this study were limited (five samples in the CA group and four samples in the BC group). More samples and future studies are required to verify these results.
In this study, we found that CA-ROSC led to extensive alterations in lncRNA and mRNA expression patterns, and these alterations may affect the mRNA transcription and protein translation of vital pathways during I/R injury. Thus, lncRNAs may be promising novel targets for the development of therapeutics to reduce cerebral damage. Future studies should determine whether modulating specific lncRNAs can prevent post-CA pathophysiological events and/or promote plasticity and regeneration.
